Use of stable isotope signatures to trace diet patterns in cultured marine bivalves, particularly when changing culture habitat, requires knowledge of the isotopic shift and enrichment between diet and consumer's tissues. The aim of this study was to determine the patterns of isotope change and the but not ∆δ 13 C. Patterns of isotope ratios and enrichment values may be related to physiological attributes and differences in diet. This is the first study to demonstrate isotopic shift and enrichment encountered in different tissues of a cultured scallop when changing culture habitat.
consumer's tissues changed during settlement, and that the changes were related to variations in the isotopic signatures of food sources and gut contents. Particular attention was paid to the isotope enrichment between the diet and a consumer's tissues using isotope analysis of gut content. Muscle δ 15 N values decreased significantly 3-5 months post-settlement in a nearshore seabed, concomitant with the ingestion of lower δ 15 N food. For juvenile scallops, sinking particles (SP) were considered a more important dietary source than suspended particulate organic matter (SPOM), based on the correspondence between SP and gut contents δ 13 C. Enrichment values ( ∆δ 13 C and ∆δ 15 N) varied with tissue and season. ∆ δ 15 N was 2.4‰ in muscle, 1.2‰ in gonad, and 0.7‰ in the digestive gland. ∆ δ 13 C was 3.2‰ in muscle, 2.3‰ in gonad, and -0.5‰ in the digestive gland. ∆δ 15 N was the lowest in summer (0.3‰) and ∆δ 13 C was the highest in autumn (2.8‰). ∆ δ animal tissue are generally considered to be a little larger (about 1‰) than that of the diet through fractionation of isotopes (DeNiro and Epstein 1978) . δ 15 N of a consumer is enriched by 3-4‰ and can be used to determine the trophic position in a food web and therefore to identify predators and prey (Minagawa and Wada 1984; Post et al. 2002) . Here, δ 13 C and δ 15 N were used to determine the diet of the Japanese scallop (Mizuhopecten yessoensis) in a two dimensional analysis.
Mizuhopecten yessoensis (Jay, 1857) is a commercially important temperate scallop cultured in the coastal areas of northern Japan. It is reared using the hanging method in a shallow estuarine lagoon (Lake Saroma) and by sowing or bottom culture in a nearshore seabed (Tokoro, Sea of Okhotsk).
Scallops consume mainly phytoplankton (Shumway et al. 1987 (Shumway et al. , 1997 Lorrain et al. 2002) and detritus in the form of sinking particles (Cranford and Grant 1990) . Lake Saroma and Tokoro, in the Sea of Okhotsk, are only 5 km apart, but the two culture sites differed in the food source composition (Aya and Kudo 2007) . Scallops reared at Lake Saroma feed on both suspended particulate organic matter (SPOM) and plankton, whereas scallops cultured at Tokoro, Sea of Okhotsk, feed only on SPOM (Aya and Kudo
2007).
Juvenile scallops, originating from estuarine lagoons, are introduced to nearshore seabeds. This practice allows us to conduct isotope tracking of scallops according to season. Seasonal changes in the carbon and nitrogen isotope signatures have been reported for age-0 smallmouth bass (Vander Zanden et al. 1998 ) and in other bivalve species (Kang et al. 1999; Rossi et al. 2004; Howard et al. 2005) . It is important to properly examine the time required for a particular consumer tissue to approach the isotopic signature of its recent diet for isotopic shift in a consumer's tissues (Marín Leal et al. 2008 ). This approach would describe whether the patterns of isotope change are related to a change in culture habitat, resource-use patterns, developmental stages, or seasons.
Estimating isotope enrichment (i.e., the difference between isotope values in the diet and those in a particular tissue or entire animal) is necessary to interpret stable isotope patterns and to estimate the contributions of food sources to a consumer's diet (Gannes et al. 1997; Roth and Hobson 2000; Dubois et al. 2007; Deudero et al. 2009 2008; Guelinckx et al. 2006 Guelinckx et al. , 2008 to estimate enrichment values based on two assumptions: (1) The gut content is representative of the diet for only a short period (a few hours), whereas tissues integrate the isotope value of the food sources for several days (digestive gland) to several months (muscle); and (2)
The gut content is not digested by scallops. This approach can provide not only direct information on the diet of consumers (Grey et al. 2002) , but also information on the mechanisms regulating isotope enrichment (Guelinckx et al. 2008 N) between the diet (gut content) and consumer's tissues (i.e. muscle, gonad, digestive gland). We hypothesized that the isotopic signatures of muscle tissues changed after settlement, and that the changes were related to dietary isotopic signatures.
Particular attention was paid to the isotope enrichment between the diet and a consumer's tissues using isotope analysis of gut content.
Materials and methods

Study area and culture description
Scallops are reared in Lake Saroma and Tokoro, two of the main culture areas in northern Japan, that varied distinctly in depth, method of practice, and physical variables. Lake Saroma (44°11´N; 143°49´E) is a semi-enclosed brackish water lagoon that measures 150 km 2 in area and has an average depth of 16 m ( Tokoro seabed for 3 years of grow-out culture. Juveniles are reared using a system referred to as "rotational" harvesting, wherein the culture ground is divided into four zones. In this system, a particular culture zone is seeded after the commercial-sized individuals are harvested (Paturusi et al. 2002) .
Sampling design
Scallops
To determine seasonal patterns of isotopic change in muscle tissues, we obtained individuals at various developmental stages including spats, suspended-net-cultured juveniles in Lake Saroma, and post-settlement individuals in the Tokoro seabed, Sea of Okhotsk. Spats (18.3 ± 1.9 mm shell height, n = 37) and suspended-net-cultured juveniles (47.6 ± 6.9 mm shell height, n = 10) were collected in May and September 2006. Five post-settlement individuals were obtained every month from June or July to November in three seasons (2006) (2007) (2008) . For each of the three seasons, the mean shell heights of scallops averaged 86.1 ± 6.1 mm, 71.4 ± 10.4 mm, and 66.4 ± 8.6 mm, respectively.
Five samples each from 1-to 4-year-old individuals was collected in May (spring), July Scallops were packed individually on ice in a styropore box and processed within 24 hours after sampling according to Aya and Kudo (2007) . Briefly, shell height was measured to the nearest 0.1 mm using a venier caliper. Muscle, gonad, and digestive gland tissues were removed from the shell, washed with Milli-Q water, weighed using an electronic balance (Shimadzu, BX 4200H), and frozen for later analysis. Small portions of each tissue was freeze-dried, ground, and homogenized with mortar and pestle. Lipids were extracted from the tissues using a modified "Folch" extraction method (Post et al. 2007 ). Gut contents were carefully removed from five individuals using a small spatula and pooled for analysis. The 24-hour delay between sampling of individuals and collection of gut contents was presumed not to confound isotope values (Guelinckx et al. 2008) . Gut content samples for isotopic analysis were treated with 1 N HCl for 24 hours to remove inorganic carbon. These samples were rinsed with Milli-Q water to remove the acid, freeze-dried, and ground (Page and Lastra 2003). 
Elemental and stable isotope analyses
Two to three muscles, two gonads, and digestive gland tissues of scallops were weighed (about 1 mg each) and put into separate tin capsules. One pooled gut content sample was weighed (approximately 1.0-2.9 mg), and two trap samples, weighing 5-6 mg each, were put in tin capsules.
SPOM filters were placed in tin capsules and folded using a compressor. All samples were analyzed for elemental carbon and nitrogen contents and stable carbon and nitrogen isotope ratios using a Thermo 
Data analysis
We used a linear regression analysis to explore the relationship between shell height and δ 
Results
Isotopic signatures of food sources
The δ 15 N values of SPOM varied seasonally in both stations (Table 1) (Table 1) . C:N ratios in SPOM were between 5.9 and 7.4, except for spring, during which living phytoplankton possibly dominated in the suspended organic matter pool (Table 1) . SP exhibited higher C:N molar ratios of 9.2 and 10.4 than SPOM, indicating a worse physiological state.
Isotopic signatures of Mizuhopecten yessoensis
Spats and suspended-net-cultured individuals had δ 15 N values of 9.3‰ and 8.5‰, respectively (Fig. 2a) . These values decreased significantly 3-5 months post-settlement in a nearshore seabed (Table   2 ). (Fig. 2b) . The δ 13 C isotopic signatures changed drastically in one month after the settlement and stabilized during the succeeding months (Fig. 2b , Table 2 ). No correlation was found between muscle δ 13 C values and shell height because of the small variability in the δ 13 C isotopic signatures (Fig.   2b ).
The δ
15
N isotopic signatures of muscle tissues changed in response to small seasonal variations in the δ 15 N of gut contents (Fig. 2c) . The δ 15 N of muscle was 0.8-3.8‰ higher than that of gut contents (Fig. 2c , Table 3 ). The enrichment in 15 N of gut contents compared to that of food sources was relatively similar across seasons (i.e., SPOM and SP on the basis of their δ 15 N values; Fig. 2c ). The δ
13
C values of muscle tissues were 2.9-3.8‰ higher than those of gut contents, reflecting no seasonality in their isotopic signatures (Fig. 2d , Table 3 ). Values of δ 13 C in gut contents were closer to those of SP than SPOM, which confirmed a significant contribution of aggregated fresh microalgae for gut contents (Fig.   2d ). The elemental nitrogen content generally increased in the muscle tissue of post-settlement individuals in three seasons (Table 2) . However, the muscle δ 15 N isotopic signatures were inversely correlated only with the elemental nitrogen content in 2008 (r = -0.82, P < 0.05, n = 6; Fig. 3a) . Values of δ 13 C, on the contrary, were not correlated to the elemental carbon content in muscle tissues (Fig. 3b , 
Discussion
Dietary effect on isotope ratios of muscle tissues
Changes in the dietary δ SP is composed mainly of aggregated fresh microalgae and considered in a worse physiological state, and is transported from the surface photic zone to the seabed. The photic zone at the study site was estimated until 30 m based on the vertical profiles of Photosynthetically Active Radiation (PAR) (data not shown).
Based on this observation, SPOM near the bottom will not be considered fresher than SP. However, C:N molar ratios in SP were higher than SPOM, indicating that the latter was much fresher than the former.
This discrepancy is explained by the collection of SP samples in summer and autumn, during which primary production in the photic zone was not high (unpubl data). Contribution from resuspension of sedimented organic matter to SP during these periods was higher than the productive spring (Sigleo and Schultz 1993; Heiskanen and Leppänen 1995; Lund-Hansen et al. 1999) .
Enrichment values between the diet and tissues
It is always assumed that the δ depended on tissue and season, as explained by the differences in diet. To the best of our knowledge, this study is the first to document patterns of isotope change and enrichment encountered in different tissues of M. yessoensis when changing culture habitat. This study will contribute to an understanding of isotope enrichment and the ecology of the scallop, and will help to improve tools for ecological studies in marine invertebrate species. 
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